these analyses rely on assumptions, such as the absence of selection and a clock-like rate of molecular
tends to be degraded and damaged to an extent that makes amplification of segments of mtDNA longer than 100-200 bp difficult . Therefore, two primers (L16,209, H16,271 ) that amplify a 105-bp-segment of the human mtDNA control region (including primers) were used to perform amplifications from the bone extract as well as from an extraction control. An amplification product was obtained in the bone extract but not in the control (data not shown). In a subsequent experiment, this was repeated and the same results were obtained.
Sequence Variation of the Amplification Product
The two amplification products were cloned in a plasmid . Twenty-two of the 30 clones contained seven nucleotide substitutions and cortical bone, and from the endostal surface of the marone insertion of an adenine residue, when compared to row cavity. Samples were also removed from remnants the standard human reference sequence (Anderson et of a varnish, with which the specimen has been treated al. , 1981) . Three of these eight differences to the referat least twice. The samples were hydrolyzed under acid ence sequence were individually lacking in a total of five conditions, and the released amino acids were analyzed of the clones. In addition, among the 27 clones were using high performance liquid chromatography and fluonine differences that each occurred in one clone, three rescent detection (Poinar et al., 1996) . Table 1 shows differences that occurred in two clones and one that that the total amounts of the amino acids detected in occurred in three clones, respectively. Such changes the Neandertal bone are 20%-73% of those in modern that are present in only a few clones are likely to be bone and more than two orders of magnitude higher due to misincorporations by the DNA polymerase during than in the varnish, indicating that the results do not PCR, possibly compounded by damage in the template reflect the amino acid content of the varnish. Further-DNA. In addition, some of these could be due to mitomore, the absolute and relative amounts of the amino chondrial heteroplasmy, which may be more common acids analyzed (e.g., the ratio of glycine to aspartic acid) in humans than often assumed (Comas et al., 1995 ; are similar in the three Neandertal samples and compa- Ivanov et al., 1996) and is abundant in some mammalian rable to those of a contemporary bone. Most imporspecies (Petri et al., 1996) . Of the remaining three clones, tantly, the ratio of the D to the L enantiomers of aspartic two were identical to the reference sequence, and the acid in the three Neandertal samples varies between third clone differed from the reference sequence at one 0.11 and 0.12, which is in the range compatible with position. DNA survival (Poinar et al., 1996) . Thus, the extent of Thus, the amplification product was composed of two amino acid racemization in the Neandertal fossil sugclasses of sequences, a minor class represented by gests that it may contain amplifiable DNA. three clones that is similar to the human reference sequence, and another class represented by 27 clones DNA Extraction and Amplification that exhibits substantial differences from it. The former DNA was extracted from 0.4 g of the cortical compact bone. Previous experience shows that ancient DNA class of molecules probably reflects contamination of Comparison of the amino acid analysis of the Neandertal bone, varnish removed from the bone surface, and a two-year-old bone sample. Given are the total amounts of the amino acids analyzed (ppm, parts per million), the amino acid compositions in percentages of the eight amino acids analyzed, and the D/L-ratios for three amino acids. ND, no detectable D form. A dilution series of a competitor construct carrying the putative Neandertal sequence with a 12 bp deletion was added to 2.5 l of extract A from the fossil. Primers used were specific for the putative Neandertal sequence. Above the lanes, the approximate numbers of cd LWcompetitor molecules added are indicated. The control amplification (C) contained neither competitor nor Neandertal extract. 1996) . Therefore, the number of template molecules representing the putative Neandertal sequence in the extract was determined by quantitative PCR. To this end, a molecule representing the putative Neandertal sequence but carrying a 12 bp deletion was constructed.
To each step in a dilution series of this construct, a constant amount of extract was added and amplifications were performed using primers that are specific for a 104 bp product of the putative Neandertal sequence and that do not amplify contemporary human se- To detect this type of sequence change, amplifications were used.
were performed such that each sequence position to be determined was covered by at least two independent PCR reactions. The products of each PCR reaction were independently cloned and the sequences determined the specimen, which is likely to have occurred during from multiple clones. handling and treatment of the specimen during the 140 years since its discovery. The other class of sequences is not obviously of modern origin. Further experiments Authenticity of Sequences were therefore performed to determine if this class is
The inadvertent amplification of small amounts of conendogenous to the Neandertal fossil.
temporary DNA is a major source of erroneous results in the study of ancient DNA sequences Lindahl, 1993b; Handt et al., 1994a) . Such contamiQuantitation of Putative Neandertal DNA nation may result in the amplification of not only contemAmplifications that start from more than 1000 ancient porary organellar mtDNA but also of nuclear insertions template molecules tend to yield reproducible results, of mtDNA (Collura and Stewart, 1995; van der Kuyl et while amplifications starting from fewer molecules tend Zischler et al., 1995) . Several experiments were to yield results that vary between experiments, due to performed in order to exclude modern DNA, including a misincorporations during the early cycles of the PCR as nuclear insertion of mtDNA, as the source of the putative Neandertal sequence. well as due to sporadic contamination (Handt et al.,
Since nuclear insertions are less numerous than mitofrom 0.4 g of the bone. When the primers L16,209 and H16,271 were used in an amplification from this extract chondrial genomes in the organelles, any single insertion sequence is expected to represent a major proportion and the product cloned ( Figure 2 , extract B), ten clones carried the eight differences from the reference seof an amplification product only in cases where a primer favors the amplification of an insertion sequence over quence observed in the amplifications from the first extract, as well as two changes affecting single clones. the corresponding mtDNA sequence. This occurs when mismatches to the primer in the mtDNA make the primIn addition, three sequence positions carried changes occurring in five and four clones. These changes were ing of an insertion more efficient than that of the organellar mtDNA (Handt et al., 1996) . Therefore, the preferential not observed in combination in the previous four amplifications covering this sequence segment. Since they ocamplification of an insertion sequence is expected to be restricted to a particular primer. In order to elucidate curred in only one amplification product, they are probably due to polymerase errors in the early cycles of the whether the putative Neandertal sequence is seen only when a particular primer is used, primers were ex-PCR, possibly compounded by in vitro recombination induced by damage and degradation of template DNA changed such that first the 5Ј primer was replaced by a primer located outside the previous amplification prodmolecules (Pä ä bo et al., 1990) . Four clones were similar to the human reference sequence. Thus, although the uct (L16,122), and 13 clones of this amplification product were sequenced (Figure 4 , clones A7.1-13). All 13 clones amplification products clearly derive from few template molecules, the putative Neandertal sequence is present showed the same eight differences from the reference sequence that were previously observed, as well as nine in a DNA extract independently prepared from the fossil.
To further investigate whether the results are due to differences in the region that was not included in the earlier amplification. In addition, one difference was laboratory-specific artifacts or contamination, an additional bone sample of 0.4 g was sent to the Anthropologiobserved in one clone, as well as length variation in a homopolymer of cytosine residues, previously decal Genetics Laboratory at Pennsylvania State University where a DNA extraction was performed. When the scribed to be of variable length in humans (Bendall and Sykes, 1995) .
primers (L16,209 and H16,271) , which had previously resulted in a product that contained both the putative The 3Ј-primer from the first amplification was then replaced by a primer (H16,379) located outside the initial Neandertal sequence and contemporary human mtDNA sequences ( Figure 2 ) were used in amplifications from amplification product, and 13 clones of this amplification product were sequenced ( Figure 5 , clones A12.1-13).
this extract, 15 of the resulting clones yielded a DNA sequence that was identical to the experimenter (A. S.), All 13 clones contained the same eight differences in the region overlapping the previous amplifications, as while two yielded sequences that differed by one and two substitutions from the reference sequence, respecwell as seven differences in the region not covered in the previous amplifications. In addition, two substitutively. However, when primers specific for the putative Neandertal sequence (NL16,230 and NH16,262) were tions and one deletion occurred in one clone, and one other substitution occurred in a different clone. Furtherused, 5 out of 5 clones yielded the putative Neandertal sequence ( Figure 2 , extract C). Thus, while this third more, in a subsequent amplification from another extract where both primers (L16,254-H16,379) differed independent extract contains a larger amount of contemporary human DNA, probably stemming from laborafrom the initial amplification, all four differences located in the segment included in the first amplifications were tory contamination, it confirms that the putative Neandertal sequence is present in the fossil specimen. observed in all 8 clones sequenced ( Figure 5 , clones B13.1-8). Thus, the retrieval of the putative Neandertal In summary, these experiments indicate that the putative Neandertal sequence does not originate from a nusequence is not dependent on the primers used. Furthermore, most primer combinations yield a large exclear mtDNA insertion and that it is endogenous to the fossil. It furthermore falls outside the variation of the cess of clones representing the putative Neandertal sequence over clones similar to contemporary human mtDNA gene pool of modern humans (see below). We therefore conclude that it is derived from the mitochonmtDNA.
To further exclude the possibility that the sequence drial genome of the Neandertal individual. may represent a nuclear insertion, primers for the putative Neandertal sequence were constructed that do not Determination of the Neandertal mtDNA Sequence amplify human mtDNA. In control experiments where
The entire sequence of hypervariable region I of the various amounts of a cloned copy of the putative NeanmtDNA control region (positions 16,023 to 16,400; Andertal sequence were mixed with human DNA, these derson et al., 1981) was determined. Since the state of primers were able to detect about 20 copies of the preservation of the DNA allowed only short fragments to cloned sequence in 50 ng of total human DNA, i.e., less be amplified, this was achieved by several overlapping than one copy per genome equivalent (data not shown).
amplifications. Furthermore, since the quantitation exWhen these primers were used to amplify DNA isolated periments indicated that some amplifications might start from 15 Africans, 6 Europeans, and 2 Asians, no amplififrom single molecules, and thus that misincorporations cation products were obtained (data not shown), indicatin early cycles of the amplification might be misintering that this sequence is not present in the genome of preted as sequence differences (Handt et al., 1996) , all modern humans. sequence positions were determined from at least two To test whether the extraction and amplification of independent amplifications. At five sequence positions, the putative Neandertal sequence is reproducible, an additional independent DNA extraction was performed two amplifications yielded discordant results, i.e., all clones in one amplification differed at a position from sequences occurring in one or more individuals, found in 478 Africans, 510 Europeans, 494 Asians, 167 Native all clones in another amplification. For these positions, clones from at least one more independent amplification Americans and 20 individuals from Australia and Oceania (S. Meyer, personal communication). Whereas these were sequenced. In all cases, all clones from the subsequent amplification products carried one of the two modern human sequences differ among themselves by an average of 8.0 Ϯ 3.1 (range 1-24) substitutions, the bases at the five positions in question. At 23 positions, differences were found between two or more clones, difference between the humans and the Neandertal sequence is 27.2 Ϯ 2.2 (range 22-36) substitutions. Thus, either within one amplification or in different amplifications. In those cases, the sequence present in the majorthe largest difference observed between any two human sequences was two substitutions larger than the smallity of clones was scored. Figures 4 and 5 show how 123 clones from 13 amplifications were used to determine est difference between a human and the Neandertal. In total, 0.002% of the pairwise comparisons be-379 bp from the Neandertal individual.
tween human mtDNA sequences were larger than the smallest difference between the Neandertal and a human.
Sequence Comparisons
When the Neandertal DNA sequence is compared to
The Neandertal sequence, when compared to the mitochondrial lineages from different continents, differs by the human reference sequence, 27 differences are seen outside the heteroplasmic cytosine homopolymer (Ben-28.2 Ϯ 1.9 substitutions from the European lineages, 27.1 Ϯ 2.2 substitutions from the African lineages, 27.7 Ϯ dall and Sykes, 1995) (Figure 4 ). Of these 27 differences, 24 are transitions, two are transversions, and one repre-2.1 substitutions from the Asian lineages, 27.4 Ϯ 1.8 substitutions from the American lineages and 28.3 Ϯ sents an insertion of a single adenosine residue.
The Neandertal sequence was compared to a collec-3.7 substitutions from the Australian/Oceanic lineages. Thus, whereas the Neandertals inhabited the same geotion of 2051 human and 59 common chimpanzee sequences over 360 bp of the sequence determined from graphic region as contemporary Europeans, the observed differences between the Neandertal sequence the Neandertal (positions 16,024 to 16,383). Among the 27 nucleotide differences to the reference sequence and modern Europeans do not indicate that it is more closely related to modern Europeans than to any other found in this segment, 25 fall among the 225 positions that vary in at least one of the human sequences, and population of contemporary humans. When the comparison was extended to 16 common one of the two remaining positions varies among the chimpanzees. Thus, the types of differences observed chimpanzee lineages (Figure 6 ), the number of positions in common among the human and chimpanzee se-(e.g., an excess of transitions over transversions), and the positions in the Neandertal sequence where they quences was reduced to 333 (Morin et al., 1994) . This reduced the number of human lineages to 986. The averoccur, reflect the evolutionary pattern typical of mtDNA sequences of extant humans and chimpanzees.
age number of differences among humans is 8.0 Ϯ 3.0 (range 1-24), that between humans and the Neandertal, The Neandertal sequence was compared to 994 contemporary human mitochondrial lineages, i.e., distinct 25.6 Ϯ 2.2 (range 20-34), and that between humans and chimpanzees, 55.0 Ϯ 3.0 (range 46-67). Thus, the sequences were plotted for each quartet. An example of this analysis is shown in Figure 7b . A different random average number of mtDNA sequence differences between modern humans and the Neandertal is about three subset of 100 human lineages was then chosen and the analysis repeated; in 40 such analyses, an average of times that among humans, but about half of that between modern humans and modern chimpanzees. 89% (range 84%-93%) of the quartets grouped the two human sequences together. Thus, the phylogenetic analAn insertion of a portion of the mitochondrial control region on chromosome 11 has been inferred to repreyses agree with the pairwise comparisons of sequence differences in placing the Neandertal mtDNA sequence sent an outgroup to the modern human mtDNA gene pool (Zischler et al., 1995) . When its sequence was comoutside the variation of modern human mtDNA. pared to the human and Neandertal sequences, 294 positions could be compared and the number of human Age of the Neandertal/Modern Human lineages was reduced to 970. In this case, the differmtDNA Ancestor ences between humans and the Neandertal sequence To estimate the time when the most recent ancestral are 25.5 Ϯ 2.1 (range 20-34) whereas between humans sequence common to the Neandertal and modern huand the insertion sequence there are 21.3 Ϯ 1.7 (range man mtDNA sequences existed, we used an estimated 16-27) differences. Thus, although the distributions of divergence date between humans and chimpanzees of the distances overlap, they suggest that the insertion 4-5 million years ago (Takahata et al., 1995) and corof a portion of the mtDNA control region to chromosome rected the observed sequence differences for multiple 11 may have occurred after the divergence of the Neansubstitutions at the same nucleotide site (Tamura and dertal and modern human mtDNA gene pools. This is Nei, 1993) . This yielded a date of 550,000 to 690,000 compatible with the notion that the Neandertal seyears before present for the divergence of the Neanderquence diverged from the lineage leading to the current tal mtDNA and contemporary human mtDNAs. When the human mtDNA gene pool well before the time of the age of the modern human mtDNA ancestor is estimated most recent common ancestor of human mtDNAs. using the same procedure, a date of 120,000 to 150,000 years is obtained, in agreement with previous estimates Phylogenetic Analyses (Cann et al., 1987; Vigilant et al., 1991) . Although these To further investigate the relationship of the Neandertal dates rely on the calibration point of the chimpanzeemtDNA sequence to contemporary human mtDNA variahuman divergence and have errors of unknown magnition, phylogenetic tree reconstructions were performed.
tude associated with them, they indicate that the age A neighbor-joining tree (Saitou and Nei, 1987) of the 16 of the common ancestor of the Neandertal sequence chimpanzee lineages, the Neandertal sequence, and the and modern human sequences is about four times 986 human lineages was constructed (Figure 7a ). This greater than that of the common ancestor of modern tree shows the Neandertal sequence diverging prior to human mtDNAs. the divergence of the human mtDNA lineages. To estimate the support for this relationship, a likelihood mapRooting of Modern Human mtDNA Gene Pool ping statistic (Strimmer and von Haeseler, 1997) was
The phylogenetic tree ( Figure 7a ) shows the first three used. In this analysis, all possible quartets involving the human branches to be composed of seven African Neandertal sequence, one of the chimpanzee lineages, mtDNA sequences, with the first non-African sequences and two representatives out of 100 human lineages (ranappearing only in the fourth branch. This branching patdomly selected from the 986 human lineages) were tern would indicate that the ancestor of the mtDNA gene analyzed, and the likelihoods for the three possible pool of contemporary humans lived in Africa (cf. von groupings of the Neandertal, chimpanzee, and human . When the statistical support for these branches was assessed with the likelihood mapping approach using the Neandertal sequence as an outgroup, these three branches were supported by 91%, 91%, and 92% of quartets, respectively. When the seven African sequences in the first three branches were tested together with the 684 non-African lineages in the database and the Neandertal sequence, they grouped with the latter in 97% of all quartets analyzed. Thus, overall, the results suggest an African origin of the human mtDNA gene pool, as has been claimed when chimpanzee sequences (Vigilant et al., 1991; Hedges et al., 1992 ) and a nuclear insertion of the mitochondrial control region (Zischler et al., 1995) were used in similar analyses. 
Discussion

DNA Preservation in the Neandertal Fossil
Humans, the Neandertal, and Chimpanzees
Based on its "classical" morphology, the undated Nean-X axis, the number of sequence differences; Y axis, the percent of pairwise comparisons.
dertal fossil is thought to be between 30,000 and 100,000 years old (Stringer and Gamble, 1993) . It is thus among enhance misincorporations (Hö ss et al., 1996a) . In addition, the Neandertal extracts contain sequences that are the oldest specimens for which the chemical stability of DNA would seem to allow for the retrieval of endogenous probably derived from contemporary humans. This is not unexpected since the specimen has been exten-DNA (Pä ä bo and Wilson, 1991; Lindahl, 1993a) . Furthermore, the extent of amino acid racemization indicates sively handled during 140 years. A further complication is that exogenous as well as endogenous molecules, that preservation conditions of the Neandertal fossil have been compatible with DNA preservation (Poinar et both sometimes carrying substitutions from early cycles of the amplification, may recombine with each other al. , 1996) . In agreement with this, the quantitation shows that an extract of 0.4 g of bone contains about 1000-during the amplification process. Such "jumping PCR" is induced by strand breaks and DNA damage and may 1500 Neandertal mtDNA molecules of length 100 bp. Thus, mitochondrial DNA sequences can be retrieved itself introduce sequence changes (Pä ä bo et al., 1990) . Fortunately, neither misincorporations nor jumping from the fossil. However, this result also indicates that single-copy nuclear DNA sequences, which are a hunphenomena are expected to show a great specificity for certain sequence positions. Therefore, even when an dred-to a thousand-fold less abundant than mtDNA in most cells, would be impossible to reproducibly amplify amplification starts from a single molecule and an error occurs in the first cycle of the PCR such that it becomes from the extracts. This is reminiscent of the situation in most other archaeological remains (e.g., Handt et al., represented in all resulting molecules, one will be alerted to the problem if two independent amplifications are 1994b , 1996) .
Several factors complicate the determination of analyzed since they will yield different sequences. A third amplification can then be analyzed to determine mtDNA sequences from the Neandertal fossil. The low number of preserved mtDNA molecules poses problems which of the two sequences is reproducible and hence authentic. Taken together, the results (Figures 4 and 5 ) since misincoporations during the initial cycles of the amplification will become represented in a large fraction show that misincorporations are a fairly frequent phenomenon in the Neandertal extracts, contributing to variof the molecules in the final amplification product. Such misincorporations may be particularly likely in the case ation seen at 64 of the 378 sequence positions determined. Furthermore, some amplifications start from very of ancient DNA, which often contains lesions that can few or single molecules since amplifications yielded record indicates a likely minimum date for the divergence between modern humans and Neandertals of completely discordant results at five positions. In con-250,000-300,000 years , while the artrast, jumping PCR, which is a frequent phenomenon in chaeological record also puts the divergence between extracts of some ancient specimens (Handt et al., modern humans and Neandertals at about 300,000 years 1994b), does not seem to play a major role in the case (Foley and Lahr, 1997) . A date of over 500,000 years of the Neandertal fossil, although some clones (Figure for the molecular divergence between Neandertal and 2, extract B) are likely to be the result of this process.
human mtDNAs is in excellent agreement with the palaeontological and archaeological record since the Implications for Modern Human Origins divergence of genes is expected to predate the diverBoth pairwise sequence comparisons and phylogenetic gence of populations by an amount that reflects the analyses tend to place the Neandertal mtDNA sequence level of polymorphism in the ancestral species (Nei, outside modern human mtDNA variation. Furthermore, 1987) . Thus, if the palaeontological and archaeological the divergence between the Neandertal mtDNA seestimates for the divergence of the Neandertal and huquence and the modern human mitochondrial gene pool man populations are accurate, and the mtDNA estimate is estimated to be about four-fold older than the diversity for the molecular divergence is also accurate, this would of the modern human mtDNA gene pool. This shows indicate that the diversity of the mtDNA gene pool in that the diversity among Neandertal mtDNA sequences the ancestral species (presumably Homo erectus) from would have to be at least four times larger than among which Neandertals and humans evolved, was at least modern humans in order for other Neandertal sequences as great as that of modern humans. to be ancestral to modern human sequences. Thus, alIt must be emphasized that the above conclusions though based on a single Neandertal sequence, the are based on a single individual sequence; the retrieval present results indicate that Neandertals did not contriband analysis of mtDNA sequences from additional ute mtDNA to modern humans.
Neandertal specimens is obviously desirable. If this These results do not rule out the possibility that Neanproves possible, then the potential exists to address dertals contributed other genes to modern humans.
several questions concerning Neandertals that hitherto However, the view that Neandertals would have contribcould be studied exclusively by morphological and aruted little or nothing to the modern human gene pool chaeological approaches. For example, the genetic is gaining support from studies of molecular genetic relationship between Neandertal populations in Europe variation at nuclear loci in humans (Hammer, 1995;  and in western Asia could be explored, as could the Armour et al., 1996; Tishkoff et al., 1996) . It is also in demographic history of Neandertal populations, using agreement with assessments of the degree of morphomethods that have been applied to investigate the delogical difference between Neandertal skeletal remains mographic history of modern human populations (Harand modern humans (e.g., Rak, 1993; Zollikofer et al., pending et al., 1993; von Haeseler et al., 1996 Hublin et al., 1996; Schwartz and Tattersall, 1996) that would classify Neandertals and modern humans as A Cautionary Note separate species.
Remains of animals found in association with Neandertal Given the placement of the Neandertal mtDNA seremains in other parts of Europe have failed to yield quence outside the range of modern human mtDNA amplifiable DNA and/or display levels of amino acid ravariation, it can be used as an outgroup in phylogenetic cemization that make the prospect of retrieving DNA analyses to assess the geographic origin of the human bleak (A. Cooper and H. Poinar, personal communicamtDNA ancestor. Initial claims that Africa was the most tion). It is therefore possible that the type specimen may likely geographic source of contemporary human mtDNA be fairly unique in containing amplifiable endogenous variation (Cann et al., 1987; Vigilant et al., 1991) were DNA. Thus, we strongly recommend that valuable Neanchallenged by subsequent reanalyses that found the dertal specimens should not be subjected to destructive original phylogenetic analyses to be inadequate (Maddisampling before the analysis of associated animal fosson, 1991; Templeton, 1992; Hedges et al., 1992) . Howsils, and/or the application of some other method that ever, new methods of phylogenetic analysis have continrequires minimal destruction of specimens (such as ued to support an African origin of human mtDNA amino acid racemization), has yielded evidence that variation (Penny et al., 1995) , as has the use of a nuclear DNA may survive in the fossil. mtDNA insertion as an outgroup (Zischler et al., 1995) .
Experimental Procedures
When the Neandertal mtDNA sequence is used to root a neighbor joining tree of modern human mtDNA seSampling quences (Figure 7a ), the first three branches consist Protective clothing was worn throughout the sampling procedure.
exclusively of African sequences. The Neandertal mtDNA Instruments used were treated with 1 M HCl followed by extensive sequence thus supports a scenario in which modern rinsing in distilled water. After removal, the sample was immediately put into a sterile tube for transport to Munich. All subsequent maniphumans arose recently in Africa as a distinct species ulations of the sample, and experimental procedures prior to cycling and replaced Neandertals with little or no interbreeding.
of PCR reactions, were carried out in laboratories solely dedicated to the analysis of archaeological specimens, where protective clothing, separate equipment and reagents, UV irradiation, and other mea-
Implications for Neandertal Genetics
sures to minimize contamination are used routinely.
It is interesting to compare the mtDNA date for the divergence between Neandertals and modern humans of Amino Acid Analysis 550,000 to 690,000 years ago with dates derived from Samples of 10 mg of bone powder and varnish were removed by drilling and were hydrolyzed in 1 ml 6 N HCl at 100ЊC for 24 hr. The other sources of information. For example, the fossil hydrolysates were processed and analysed by reverse phase HPLC mtDNA sequence from base 16,190 to 16,290 but lacks 12 bases (16,210 to 16,221) . The plasmid was purified from an overnight culas described (Poinar et al., 1996) . Amounts of the amino acid enantiomers were determined by comparison to standards after subtracture by alkaline lysis (Ausubel et al., 1995) and the DNA concentration determined by UV absorbance at 260/280 nm. The standard and tion of the amino acid content determined in a negative control processed in parallel with the samples.
Neandertal DNA extracts were used in amplifications with two primers (NL16,209: 5Ј-CCC CAT GCT TAC AAG CAA GC-3Ј, NH16,262: 5Ј-GTA GAT TTG TTG ATA TCC TAG TGG GTG TAA-3Ј) specific for DNA Extraction the Neandertal sequence. Bone pieces were removed using a drill saw. Subsequently, the surface of the pieces was removed with a grinding bit and furtherSequence Analyses more treated by soaking in a 10% solution of NaClO for 10 s, and
In total, 27 amplifications of the mtDNA control region were perrinsing in double-distilled and UV-irradiated H2O. The samples were formed from the Neandertal specimen. Of these, twelve amplificathen ground to powder in a Spex Mill (Edison, NJ) filled with liquid tions yielded exclusively Neandertal sequences, whereas 6 amplifinitrogen. The powder was incubated in 1 ml of 0.5 M EDTA (pH 8.0), cations contained sequences similar to the contemporary human 5% sarkosyl on a rotary wheel at ambient temperature for ‫04ف‬ hr.
reference sequence as well as Neandertal sequences. Figures 2, 4 , Ten microliters of proteinase K (10 mg/ml) were then added and the and 5 give all Neandertal sequences determined except those from incubation continued at 37ЊC for another 40 hr. Tissue remains were the quantitation reaction (Figure 3 ). In addition, 9 amplifications removed by centrifugation and the supernatant extracted with pheyielded exclusively sequences similar to the human reference senol, phenol/chloroform, and chloroform/isoamyl alcohol as dequence (not shown). In these cases, the primers used turned out to scribed (Ausubel et al., 1995) . The aquaeous phase was concenhave one to four mismatches to the Neandertal sequence and thus trated by centrifugal dialysis using Microcon-30 microconcentrators to select against the latter. The Neandertal sequence was inferred (Amicon, Beverly, MA) and incubated with 40 l silica suspension using the sequences shown in Figures 2, 4 , and 5. in 1 ml of 5 M guanidinium isothiocyanate, 0.1 M Tris-HCl (pH 7.4)
The Neandertal sequence was compared to an mtDNA sequence for 15 min on a rotary wheel at ambient temperature as described database (S. Meyer, personal communication) . Except for the scor-(Hö ss and Pä ä bo, 1993). The silica was collected by centrifugation ing of variable positions, only human sequences where no insertions, and washed twice with 1 ml 70% ethanol and once with 1 ml acetone, deletions, or ambiguities occur were used. In the case of the 16 prior to air-drying. DNA was eluted into two aliquots of 65 l TE (pH chimpanzee lineages, four are reported (Morin et al., 1994 ) with 8.0) at 56ЊC. The eluates were pooled, aliquoted, and stored at an ambiguity at position 16,049, and one each with ambiguities at Ϫ20ЊC. An extraction control to which no bone powder was added positions 16,063 and 16,064. Pairwise sequence differences were was processed in parallel with each sample extraction. determined using unpublished software by A. von Haeseler. Maximum likelihood distances and phylogenetic trees were computed PCR, Cloning, and Sequencing using the PHYLIP package, version 3.5 (Felsenstein, 1994) , assum-A lower reaction mixture of 10 l (67 mM Tris-HCl [pH 8.8], 2 mM ing a transition/transversion ratio of 20. Support for internal MgCl2, 2 mg/ml BSA, 2 M of each primer and 0.25 mM of each branches was tested by likelihood mapping using the program PuzdNTP) was separated prior to the first denaturation step by a wax zle 3.0 (Strimmer and von Haeseler, 1997) . Briefly, this algorithm layer from a 10 l upper mixture (67 mM Tris-HCl [pH 8.8], 2 mM analyzes all possible quartets of sequences, two from one side MgCl 2 , 0.375 units Taq DNA polymerase [Perkin Elmer, Cetus], 5 l of an internal branch, two from the other. In each case, enough bone extract). Forty cycles of PCR (15 s at 92ЊC, 1 min at 55ЊC or subsamples of sequences were analyzed to ensure with 95% proba-60ЊC, 1 min at 72ЊC) were carried out in an MJ research PTC 200 bility that any particular sequence was sampled at least once. cycler. Ten microliters of the reactions was electrophoresed in 3%
For dating, the Tamura-Nei algorithm (Tamura and Nei, 1993) as agarose gels, stained with ethidium bromide, and visualized by UV implemented in Puzzle 3.0 was used to estimate 9 classes of substitransillumination. The bands, as well as the corresponding areas of tution rates, rate heterogeneity parameters, transition/transversion the lanes where control amplifications were electrophoresed, were ratios, pyrimidine/purine transition ratios and nucleotide frequencut out of the gels, melted in 100 l double-distilled H2O and shock cies for 5 datasets consisting of 100 random human sequences. frozen in liquid nitrogen. After thawing during centrifugation, 5 l of
The average values for these parameters were then used to calculate the supernatant was used in 50 l amplification reactions (67 mM the distances within and between species. Tris-HCl [pH 8.8], 2 mM MgCl2, 1 mg/ml BSA, 1 M of each primer, 0.125 mM of each dNTP, 0.75 units Taq DNA polymerase). Thirty
